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Abstract
Lower power consumption and higher performance are compelling demands
in the electronic systems motivating the search for new materials which are capable
of fulfilling these demands. Recently, nanomaterial-based sensor technology has
drawn considerable attention towards the development of sensing applications such
as H2S gas sensors. Development of H2S gas sensors is crucial due to its extreme
toxicity and damaging effects on both health and environment. This thesis aims to
develop H2S gas sensors with enhanced sensitivity, flexibility, lower operating
temperature, and high selectivity.
The proposed sensors present a contribution to the field of nano-electronics.
They are designed based on the integration of nanotechnology and conducting
polymer technology. These sensors are consisting of oxide semiconducting
nanomaterials (WO3, ZnFe2O4 and CuFe2O4 nanoparticles) and a newly developed
organic polymer with engineered conductivity ((poly (vinyl alcohol; PVA)-glycerol).
The doped solutions are casted to form flexible membranes which are characterized
and tested to investigate their gas-sensing performance. The sensing method of these
membranes is only a measure of resistance/conductance change denoting that the
signal conditioning circuitry of such sensors is relatively simple.
The results showed very good sensitivity and selectivity towards H2S gas as
well as excellent reproducibility and long-term stability; these are very important
properties for a reliable sensor. Another interesting result of this study was the low
operating temperature of the sensors, as they show noticeable responses at low
temperatures in the range of 20°C - 40°C. The lower operating temperature means
lower power consumption, which is an ultimate goal in the electronic applications

viii

industry. The results reveal reasonably fast responses, with minimum average
response times in the range of 19 - 22 s. This study encloses novel results since it is
the first work, to the best of our knowledge, to incorporate WO3, ZnFe2O4 and
CuFe2O4 nanoparticles with a conductivity-controlled organic polymer for H2S
sensing applications.
Keywords: H2S sensor, nanomaterial, organic polymer, WO3, ZnFe2O4, CuFe2O4.
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)Title and Abstract (in Arabic

ﺗﺼﻤﯿﻢ وﺗﺼﻨﯿﻊ ودراﺳﺔ ﺧﺼﺎﺋﺺ أﺟﮭﺰة اﺳﺘﺸﻌﺎر ﻏﺎز ذات اﺳﺘﮭﻼك ﻣﻨﺨﻔﺾ ﻟﻠﻄﺎﻗﺔ،
ﺑﺎﺳﺘﺨﺪام ﻣﺮﻛﺐ ﻧﺎﻧﻮي ﻣﻦ ﻣﻮادﻋﻀﻮﯾﺔ وﻏﯿﺮ ﻋﻀﻮﯾﺔ
اﻟﻤﻠﺨﺺ

ﯾﻌﺪ اﻟﺴﻌﻲ إﻟﻰ ﺧﻔﺾ اﺳﺘﮭﻼك اﻟﻄﺎﻗﺔ ورﻓﻊ اﻟﻜﻔﺎءة ﻣﻦ اﻟﻀﺮورات اﻟﻤﻠﺤﺔ ﻓﻲ ﻣﺠﺎل
ﺗﺼﻨﯿﻊ اﻷﻧﻈﻤﺔ اﻹﻟﻜﺘﺮوﻧﯿﺔ ،ﻟﺬﻟﻚ ﻛﺎن ﻻ ﺑﺪ ﻣﻦ اﻟﺒﺤﺚ ﻋﻦ ﻣﻮاد وﺗﻘﻨﯿﺎت ﺟﺪﯾﺪة ﻛﻔﯿﻠﺔ ﺑﺘﺤﻘﯿﻖ
ھﺬه اﻷھﺪاف .ﻓﻔﻲ اﻵوﻧﺔ اﻷﺧﯿﺮة ،ﻛﺎن ﻻﺳﺘﺨﺪام ﺗﻜﻨﻮﻟﻮﺟﯿﺎ اﻟﻨﺎﻧﻮﻣﯿﺘﺮ )(nanotechnology
ﻓﻲ ﺗﺼﻨﯿﻊ أﺟﮭﺰة اﻻﺳﺘﺸﻌﺎر ﺑﻤﺨﺘﻠﻒ أﻧﻮاﻋﮭﺎ ،أﺛﺮ إﯾﺠﺎﺑﻲ ﺳﺎھﻢ ﻓﻲ ﺗﻄﻮﯾﺮ ھﺬه اﻷﺟﮭﺰة .وﻣﺜﺎﻻً
ﻋﻠﻰ ذﻟﻚ ،أﺟﮭﺰة اﻻﺳﺘﺸﻌﺎر اﻟﺨﺎﺻﺔ ﺑﻐﺎز ﻛﺒﺮﯾﺘﯿﺪ اﻟﮭﯿﺪروﺟﯿﻦ اﻟﺴﺎم ) ، (H2Sﺣﯿﺚ ﯾُﻮﻟﻰ ھﺬا
اﻟﻐﺎز اھﺘﻤﺎﻣﺎ ﺑﺎﻟﻐﺎ وذﻟﻚ ﻟﺴُﻤﯿﱠﺘﮫ اﻟﺸﺪﯾﺪة وﺗﺄﺛﯿﺮه اﻟﻀﺎر ﻋﻠﻰ اﻟﺼﺤﺔ واﻟﺒﯿﺌﺔ .ﻟﺬﻟﻚ ﻓﺈن ھﺪف ھﺬه
اﻟﺮﺳﺎﻟﺔ ﯾﺘﻠﺨﺺ ﻓﻲ ﺗﺤﻀﯿﺮ ودراﺳﺔ أﺟﮭﺰة اﺳﺘﺸﻌﺎر ﺧﺎﺻﺔ ﺑﻐﺎز ﻛﺒﺮﯾﺘﯿﺪ اﻟﮭﯿﺪروﺟﯿﻦ ،ﺗﺘﻤﯿﺰ
ﺑﺎﺳﺘﺠﺎﺑﺘﮭﺎ اﻟﻌﺎﻟﯿﺔ ﻟﻠﻐﺎز ﻣﻊ درﺟﺔ ﻣﻦ اﻻﻧﺘﻘﺎﺋﯿﺔ ،وﺑﻤﺮوﻧﺘﮭﺎ ،وﺑﺎﺳﺘﮭﻼﻛﮭﺎ اﻟﻤﻨﺨﻔﺾ ﻟﻠﻄﺎﻗﺔ.
ﺗﻤﺜﻞ ھﺬه اﻟﺪراﺳﺔ ﻋﻠﻰ أﺟﮭﺰة اﻻﺳﺘﺸﻌﺎر إﺳﮭﺎﻣﺎ ﻓﻲ ﻣﺠﺎل اﻹﻟﻜﺘﺮوﻧﯿﺎت اﻟﻤﻌﺘﻤﺪة ﻋﻠﻰ
ﺗﻘﻨﯿﺔ اﻟﻨﺎﻧﻮﺗﻜﻨﻮﻟﻮﺟﻲ .ﺣﯿﺚ ﺗﻢ ﺗﺼﻤﯿﻤﮭﺎ وﺗﺼﻨﯿﻌﮭﺎ ﺑﺎﺳﺘﺨﺪام ﻣﺰﯾﺞ ﻣﻦ أﻛﺎﺳﯿﺪ اﻟﻤﻌﺎدن ﺷﺒﮫ
اﻟﻤﻮﺻﻠﺔ دﻗﯿﻘﺔ اﻟﺤﺠﻢ )اﻟﻨﺎﻧﻮﻣﺘﺮ( ) WO3و  ZnFe2O4و ،(CuFe2O4و ﺑﻮﻟﯿﻤﺮ ﻋﻀﻮي
) (PVAﺗﻤﺖ ﻣﻌﺎﻟﺠﺘﮫ ﺑﺴﺎﺋﻞ أﯾﻮﻧﻲ ) (Ionic Liquidﺑﮭﺪف ﺗﺤﻮﯾﻠﮫ إﻟﻰ ﺑﻮﻟﯿﻤﺮ ﻣﻮﺻﻞ ،وھﻮ
ﻣﺎ ﯾﻤﺜﻞ دﻣﺠﺎ ﻣﺎ ﺑﯿﻦ ﺗﻜﻨﻮﻟﻮﺟﯿﺎ اﻟﺒﻮﻟﯿﻤﺮات اﻟﻤﻮﺻﻠﺔ واﻟﻨﺎﻧﻮﺗﻜﻨﻮﻟﻮﺟﻲ .وﻣﻦ ﺛﻢ ﺗﻢ ﺗﺤﻮﯾﻞ
اﻟﻤﺮﻛﺒﺎت اﻟﺴﺎﺋﻠﺔ إﻟﻰ أﻏﺸﯿﺔ ﺻﻠﺒﺔ ﻣﺮﻧﺔ ﺗﻤﺖ دراﺳﺔ ﺧﺼﺎﺋﺼﮭﺎ و ﻣﺪى اﺳﺘﺠﺎﺑﺘﮭﺎ ﻟﻐﺎز ﻛﺒﺮﯾﺘﯿﺪ
اﻟﮭﯿﺪروﺟﯿﻦ .ﺗﻌﺘﻤﺪ آﻟﯿﺔ ﻗﯿﺎس درﺟﺔ اﺳﺘﺸﻌﺎر اﻟﻐﺎز ﻋﻠﻰ ﻣﻘﺪار اﻟﺘﻐﯿﺮ اﻟﺤﺎﺻﻞ ﻓﻲ ﻣﻮﺻﻠﯿﺔ ھﺬه
اﻷﻏﺸﯿﺔ ﻋﻨﺪ ﺗﻌﺮﺿﮭﺎ ﻟﻠﻐﺎز ،ﻣﻤﺎ ﯾﺪل ﻋﻠﻰ أن اﻟﺪاﺋﺮة اﻹﻟﻜﺘﺮوﻧﯿﺔ اﻟﺘﻲ ﺗﺴﺘﺨﺪم ﻟﺘﺤﻠﯿﻞ وﻣﻌﺎﻟﺠﺔ
اﻹﺷﺎرة اﻟﻜﮭﺮﺑﺎﺋﯿﺔ اﻟﻨﺎﺗﺠﺔ ﻋﻦ اﻹﺳﺘﺠﺎﺑﺔ ﻟﻠﻐﺎز ھﻲ داﺋﺮة ﺑﺴﯿﻄﺔ اﻟﺘﺮﻛﯿﺐ.
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أظﮭﺮت ﻧﺘﺎﺋﺞ دراﺳﺔ أﺟﮭﺰة اﻻﺳﺘﺸﻌﺎر ھﺬه اﺳﺘﺠﺎﺑﺔ ﻗﻮﯾﺔ ﻟﻐﺎز ﻛﺒﺮﯾﺘﯿﺪ اﻟﮭﯿﺪروﺟﯿﻦ ،ﻣﻊ
درﺟﺔ ﻋﺎﻟﯿﺔ ﻣﻦ اﻻﻧﺘﻘﺎﺋﯿﺔ ،ﺑﺎﻹﺿﺎﻓﺔ إﻟﻰ إﻣﻜﺎﻧﯿﺔ اﺳﺘﻌﻤﺎﻟﮭﺎ ﺑﺸﻜﻞ ﻣﺘﻜﺮر وﺑﻨﺘﺎﺋﺞ دﻗﯿﻘﺔ ﻋﻠﻰ
اﻟﻤﺪى اﻟﻄﻮﯾﻞ .وﺑﺸﻜﻞ ﻋﺎم ،ﺗﻌﺘﺒﺮ ھﺬه اﻟﺨﺼﺎﺋﺺ ﻣﮭﻤﺔ ﺟﺪا؛ ﻛﻮﻧﮭﺎ ﻣﻌﺎﯾﯿﺮ أﺳﺎﺳﯿﺔ ﻓﻲ اﻟﺤﻜﻢ
ﻋﻠﻰ ﻣﺪى ﻓﺎﻋﻠﯿﺔ أﺟﮭﺰة اﻻﺳﺘﺸﻌﺎر .وﻣﻦ اﻟﻨﺘﺎﺋﺞ اﻟﻤﻠﻔﺘﺔ ﻓﻲ ھﺬه اﻟﺪراﺳﺔ ھﻲ إﻣﻜﺎﻧﯿﺔ اﻻﺳﺘﺠﺎﺑﺔ
ﻟﻠﻐﺎز ﻓﻲ درﺟﺎت ﺣﺮارة ﻣﻨﺨﻔﻀﺔ ﻧﺴﺒﯿﺎ ) 40 - 20درﺟﺔ ﻣﺌﻮﯾﺔ( ﻣﻤﺎ ﯾﺪل ﻋﻠﻰ اﺳﺘﮭﻼك
ﻣﻨﺨﻔﺾ ﻟﻠﻄﺎﻗﺔ وھﻮ ھﺪف أﺳﺎﺳﻲ و ﻣﻄﻤﺢ داﺋﻢ ﻓﻲ ﻣﺠﺎل ﺻﻨﺎﻋﺔ اﻹﻟﻜﺘﺮوﻧﯿﺎت .أﻣﺎ ﻓﯿﻤﺎ ﯾﺨﺺ
اﻟﻤﺪة اﻟﺰﻣﻨﯿﺔ اﻟﺘﻲ ﺗﺴﺘﻐﺮﻗﮭﺎ أﺟﮭﺰة اﻻﺳﺘﺸﻌﺎر ﻟﻼﺳﺘﺠﺎﺑﺔ ﻟﻠﻐﺎز ،ﻓﻘﺪ أظﮭﺮت اﻟﻨﺘﺎﺋﺞ اﺳﺘﺠﺎﺑﺔ
ﺳﺮﯾﻌﺔ ﻣﻦ ﻗﺒﻞ ھﺬه اﻷﺟﮭﺰة ،ﺣﯿﺚ ﻛﺎن اﻟﺤﺪ اﻷدﻧﻰ ﻟﻤﻌﺪل اﻹﺳﺘﺠﺎﺑﺔ ھﻮ ) 22 - 19ﺛﺎﻧﯿﺔ(.
وﺑﻨﺎءاً ﻋﻠﻰ ﻣﺎ ﺳﺒﻖ ،ﺗﻘﺪم ھﺬه اﻟﺪراﺳﺔ ﻧﺘﺎﺋﺞ ﺟﺪﯾﺪة ﻣﻦ ﻧﻮﻋﮭﺎ ﻛﻮﻧﮭﺎ اﻟﻤﺮة اﻷوﻟﻰ  -ﻋﻠﻰ ﺣﺪ
ﻋﻠﻤﻨﺎ – اﻟﺘﻲ ﯾﺘﻢ ﻓﯿﮭﺎ ﺗﺼﻨﯿﻊ أﺟﮭﺰة اﺳﺘﺸﻌﺎر ﺧﺎﺻﺔ ﺑﻐﺎز ﻛﺒﺮﯾﺘﯿﺪ اﻟﮭﯿﺪروﺟﯿﻦ اﻋﺘﻤﺎدا ﻋﻠﻰ
ﻣﺰﯾﺞ ﻣﻦ أﻛﺎﺳﯿﺪ اﻟﻤﻌﺎدن ﺷﺒﮫ اﻟﻤﻮﺻﻠﺔ دﻗﯿﻘﺔ اﻟﺤﺠﻢ )اﻟﻨﺎﻧﻮﻣﺘﺮ( ) WO3و  ZnFe2O4و
 ،(CuFe2O4و ﺑﻮﻟﯿﻤﺮ ﻋﻀﻮي ) (PVAﻣﻮﺻﻞ.
ﻣﻔﺎھﯿﻢ اﻟﺒﺤﺚ اﻟﺮﺋﯿﺴﯿﺔ :أﺟﮭزة اﺳﺗﺷﻌﺎر ،ﻏﺎز ﻛﺑرﯾﺗﯾد اﻟﮭﯾدروﺟﯾن ،ﻣواد ﻧﺎﻧوﯾﺔ ،ﺑوﻟﯾﻣر
ﻋﺿوي.
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Chapter 1: Introduction
1.1 Overview
This thesis work highlights the integration of nanotechnology and conducting
polymer technology in the fabrication of flexible sensing materials for H2S gas
detection, with enhanced sensitivity, flexibility, lower operating temperature, and
high selectivity.
This thesis report starts with the literature review in chapter 2, which
introduces facts about H2S gas, a variety of applied materials and methods of H2S
detection, and proposed alternative sensing materials. Chapter 3 provides details
about the materials, methods and the fabrication processes of the proposed sensing
materials. The results are presented and discussed in chapter 4. Finally, chapter 5
concludes the outcomes of this thesis work and provides an insight to future works.
1.2 Statement of the Problem
H2S gas is a silent killer which can lead to sudden death among workers in
fields where this gas occurs naturally. Although H2S gas sensors are available, they
are generally in the rigid form and hardly meet the requirements of flexible electronic
devices. Indeed, these sensors suffer from high power-consumption, and relatively
long response time. Therefore, the inevitable risks of H2S gas and the demand for a
higher performance and lower power-consumption sensors urge the search of new
materials which are capable of fulfilling these demands.
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1.3 Research Objectives
This work is aimed to contribute to a growing research in the area of gas
sensing technology, and the field of nano-electronics. Therefore, the main research
objectives of this thesis are:
1) Designing and fabricating chemiresistive H2S gas sensors based on metal oxide
nanomaterials (ZnFe2O4, CuFe2O4 and WO3 nanoparticles) doped in a newly
developed conductivity-controlled polymer.
2) Investigating the electrical properties and gas-sensing performance of the proposed
sensors.
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Chapter 2: Literature Review
This chapter presents and discusses some facts and information related to this
thesis work. It begins with providing some facts about H2S gas, such as sources and
risks. Then, it presents a variety of applied materials and methods that have been
used in the fabrication of H2S gas sensors. Finally, this chapter discusses the
proposed alternative sensing-materials that will be used in this thesis work and are
expected to enhance the quality of H2S gas sensors.
2.1 Hydrogen sulfide gas (H2S)
Hydrogen sulfide gas (H2S) is considered a major air pollutant, which
naturally occurs in large quantities in oil and natural gas industries, paper milling,
sewage treatment, and landfills [1][2]. H2S gas is colorless, corrosive, flammable,
extremely toxic and potentially lethal in low concentrations, as low as few parts per
million (ppm). The damaging effects of H2S depend on the amount of gas inhaled
and for how long. Exposure to very high gas concentrations can immediately lead to
death. More details about the amount of inhaled gas and its corresponding
symptoms/effect are shown in Table 3 in appendix [3][4][5][6]. Frequently,
industrial workers face the risk of exposure to H2S gas or even gas explosion.
Therefore, saving the lives requires enhancing the quality of H2S sensors.
2.2 Materials and methods for H2S gas detection
Most of the available sensors are expensive and they suffer from different
problems such as high power-consumption, poor stability, inflexibility, and
malfunction in harsh environment [7][8][9]. Therefore, H2S gas sensors have been

4

under constant development to meet the growing demands on highly efficient
sensors. A variety of materials and methods have been used for real-time detection of
H2S gas. The four most common types of H2S gas sensors are as follows [10]:
2.2.1 Electrochemical sensors
Electrochemical sensors are basically based on electrolytes; solid and liquid
electrolyte sensors. For H2S detection, solid electrolytes are commonly used. Based
on their working principles, solid electrolytes are two types: amperometric and
potentiomentric. When amperometric-based electrolytes exposed to the target gas,
they produce current signals corresponding to the gas concentration. Pt-electrode and
ceramic are examples of amperometric-based sensing materials which have been
used for H2S gas detection. While in potentiometric-based sensors, a potential
difference (voltage) is produced as a result of reaction with the gas [10][11]. For
example, potential-based H2S sensors were prepared based on sodium super ionic
conductor (NASICON) and Pr6O11-doped SnO2 sensing electrode.
However, most of the commercially available solid electrolyte sensors suffer
from poor selectivity. Sensor arrays are employed to overcome the poor selectivity;
they form a series of sensors (spots), and their measurements are used to produce a
specific fingerprint for a specific target gas [11].
2.2.2 Optical sensors
The attenuation of light waves is the core principle of gas sensing technique
of optical-sensors. Analyte information from these sensors are usually obtained by
employing optical transduction techniques [12]. A waveguide (optical fiber) and a
coating are frequently used to design such sensors. Therefore, placing the analyte at
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the interface of the fiber and a coating, causes interaction with the light, with the fact
that H2S absorbs the ultraviolet (UV) light in deep UV region (<200 nm) [13]. Thus,
quantitative and qualitative analysis based on experimental signals can be recorded
due to emission or absorption. Optical sensors are of two types: direct sensing and
indirect sensing sensors. Direct sensing techniques include infrared, non-dispersive
infrared, fourier transform infrared, ultraviolet absorption and diode laser sensing.
While indirect sensing is in the form of optical-technique based arrays combined
with sampling system and means of pattern classification [13] such as electronic
noses (artificial sensors).
2.2.3 Piezoelectric sensors
Piezoelectric sensors are mass-change sensing devices [10]. Indeed, surface
acoustic wave (SAW) sensor is a type of piezoelectric sensors [15]. The working
principle of SAW device is based on the travel of Rayleigh wave over its surface or
oscillation frequency that is caused by any change in its mass. SAW can sense
changes up to 1 pico gram (pg) of mass. Another type of piezoelectric sensors is the
quartz crystal microbalance (QCM) [16], where its working principle is based on
frequency shift. This QCM is a resonating polymer-coated disk with metal
electrodes. When this device is exposed to the target gas, the odor is absorbed by the
polymer, thus, the mass of the devices increases which causes a reduction in the
resonance frequency which is inversely proportional to the adsorbed mass of gas.
This type of sensors can sense a mass change up to 1 nano gram (ng).
However, piezoelectric sensors are unable to measure in a true static way. A
fixed amount of charge on the piezoelectric material will result when subjected to a
static force. As pressure loads and temperature increases, a reduction in the
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sensitivity happened due to “twin formation”, while at temperatures above 300°C,
quartz sensors must be cooled during measurements [17].
2.2.4 Oxide-semiconductor sensors
Oxide-semiconductor materials have been widely investigated to find new
functionalities of their chemiresistivity. Among their crucial roles in different fields
and applications, oxide-semiconductor materials such as α-Fe2O3 [18], spinel ferrites
[19][20], CuO [21], WO3 [22] have shown promising potentials to detect harmful
and toxic gases such as H2S. These materials are chemiresistive, where the change in
the resistance governs their gas detection. In general, oxide-semiconductors exhibit
poor electrical conductivity since most charge carriers are trapped in surface states.
Those carriers are activated to the conduction when exposed to a target gas which
increase the conductivity of the oxide-semiconductors. Controlling the resistance of
the sensing material can be achieved by tuning the concentration of charge carriers in
materials, and its optimum response can be found. In terms of conductivity, n-type
semiconductors are found to be better than p-type, as the majority charge carriers in
n-type materials are electrons. This suggests that n-type oxide-semiconductor
materials will give better results as H2S gas sensors. In this matter, a review study
[23] suggests that the response of a p-type oxide semi- conductor gas sensor to a
given gas was equal to the square root of that of an n-type oxide semiconductor gas
sensor to the same gas when the morphological configurations of both sensor
materials were identical [24]. This concludes that oxide-semiconductor materials are
the best candidate to be used in this work, and especially the n-type materials.
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2.3 Nanomaterials
Nanotechnology has brought many great changes and new research
opportunities in the fields of chemistry, physics, biology, material science, nanoelectronics and others. Nano-materials are defined as “material having one or more
external dimensions in the nanoscale or which is nanostructured” [25].
Nanostructures can exhibit different properties than those of the same material
without nanostructures. One of the important characteristics of nanomaterials is their
large surface area to volume ratio compared to bulk materials, which opens many
possibilities for creating new materials and facilitating chemical processes. For
example, in the field of gas sensing technology, sensitivity of sensors is dependent on
the surface to volume ratio; therefore, using nanomaterials with narrow size
distribution for these applications would further promote the chemical reactivity of
the nanomaterials because as the surface-to-volume ratio of the particle increases, the
number of reactive sites increases [26].
2.4 Organic-inorganic nano-composite for H2S detection
Fabrication of electronic devices based on organic materials and inorganic
nanomaterials are very attractive to enable applications, such as transparent and
flexible electronic devices, which are power saving, size compactable, and easily
portable [26][28]. The properties of such nano-composite materials depend not only
on the properties of their constituents but also on their combined morphology and
interfacial characteristics, which brings synergistic effects. A wise choice of the
constituents to be used for H2S gas detection application would help achieving the
optimum enhancement of H2S sensors in terms of sensitivity, selectivity, response
time, low power consumption, easy fabrication, and flexibility.
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In the literature, oxide-semiconductor materials have been the most common
and promising materials for H2S gas sensing applications due to their easy and
simple fabrication process, low manufacturing cost, and low detection limits [24].
Among these oxide materials, tungsten oxide (WO3), which is an n-type metal oxide
with a band gap in the range of 2.6–3.0 eV, attracts much attention because of its
structure, surface morphology, defect structure, and active surface area of the WO3
material which have great influence on its surface properties including its gas sensing
properties [29]. Therefore, WO3 has been used in many applications such as gas
sensors [30][31][32]. H2S gas sensors based on WO3 nanostructures have been
reported to detect H2S gas at very low concentrations [32][33][34]. Spinel-type oxide
semiconductors with the formula (MFe2O4) such as zinc ferrite (ZnFe2O4) and copper
ferrite (CuFe2O4) have been also reported for being highly sensitive and selective
toward H2S gas [19]. They showed reversible interaction of the gas with the preadsorbed ambient oxygen, therefore, their electrical resistance changes significantly
upon exposure to H2S gas [20]. Both ZnFe2O4 and CuFe2O4 behave as n-type metaloxide semiconductors [35]. Although oxide materials have limited selectivity
towards some interfering gases and lack flexibility, integrating them with conducting
organic polymer would enhance their sensing properties and provide selectivity to
the target gas. Therefore, the inorganic WO3, ZnFe2O4 and CuFe2O4 nanomaterials in
corporation with conducting organic polymer will be considered in this thesis study.
Conducting organic polymers have been synthesized and used in the field of
electronic applications including organic field effect transistors (FETs), light
emitting diodes (LEDs), organic photovoltaics and gas sensing application
[36][37][38]. A newly developed organic polymer ((poly(vinyl alcohol; PVA)-
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glycerol) with engineered conductivity [39][40][41] will be considered in this study.
The organic polymer would serve as a host for the oxide nanoparticles in the form of
solid and flexible membrane. The electrical conductivity of the sensor’s membrane is
controlled by doping the organic polymer (PVA) with a suitable ionic liquid (IL). In
general, ILs serve as electrolytes and diffusion barriers, and they have low values of
vapour pressure, wide potential windows, and low toxicity. In addition, ILs are
suitable to be used for the fabrication of electrochemical sensors as they are
environmentally friendly [42][43]. Due to their low-molecular-weight, when ILs are
blended with polymers, the free volume of the material or the macro-molecular
mobility of the polymer will increase, resulting in a decrease in the intermolecular
forces, thus, the polymeric network becomes less dense, and consequently the
extensibility and flexibility of the films are improved [44]. ILs/plasticizers such as
glycerol have been incorporated into different polymers and they have been reported
to improve the polymer properties such as ionic conductivity that is attained at room
temperature, thermal and electrochemical properties of polymers for specific
applications [45]. The sensing principle of the proposed sensing materials is based on
conductance change when they interact with H2S gas. Therefore, incorporating IL in
NPs-doped PVA membranes for H2S gas sensing applications will mainly enhance
the conduction pathways, which is expected to improve the sensitivity especially at
lower operating temperatures. For this study, 5% (weight percent) of IL (glycerol)
will be used; following a previous study where the optimum conductivity was
achieved at about 5 wt% of ILs/glycerol within a PVA matrix [46][47][48].
Information on gas sensing properties of WO3, ZnFe2O4 and CuFe2O4
nanostructures to H2S gas detection are still limited. Therefore, it is interesting to
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investigate the gas sensing properties of these materials based on organic-inorganic
nano-composite, which we believe it would be excellent choice towards fulfilling the
objectives of this thesis.
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Chapter 3: Materials and Methods
This chapter discusses the three stages of fabricating the sensing materials.
First, this chapter provides the detailed processes of preparing the WO3, ZnFe2O4 and
CuFe2O4 nanoparticles. Then, it shows the production of the sensing materials where
these nanoparticles are separately incorporated within a conducting polymer;
followed by the methods that have been used to characterize the nanoparticles and
the sensing material. Finally, the device fabrication and experimental setup are
discussed.
3.1 Synthesis of WO3 nanoparticles
Different experimental methods have been developed and used to prepare
WO3 nanomaterials with different morphologies, such as sol-precipitation [22], solgel [29], solvo-thermal synthesis [49], precipitation method [50], and others. Among
these methods, the sol-gel method is more preferable because it is inexpensive,
simple, and flexible in terms of controlling temperature and pressure.
In this study, WO3 nanoparticles were synthesized using a sol-gel method
following a protocol that was described by Wang et al [29]. In a typical experiment
as illustrated in Fig. 1, 7 g of tungsten (VI) hexachloride WCl6 were slowly added to
100 ml of absolute ethanol (C2H5OH), then stirred for around 10 minutes. Next, 10
mL of 0.5 M ammonia solution were added drop-wisely to the precursor solution
using a syringe pump at a rate of 5 ml/h. The solution was kept under continuous
stirring and ice cooling for 24 h. The precipitated WO3 NPs were washed by
deionized water and centrifuging in order to remove the chloride ions, and on
average, a 100 mL suspension containing tungsten oxide nanoparticles containing sol
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was obtained. The obtained nanoparticles were dried in vacuum at 50°C for 12 h, and
then calcined at 500°C for 1 h in air. Finally, WO3 NPs suspension (10 wt%) in
deionized water was prepared.
3.2 Synthesis of ZnFe2O4 and CuFe2O4 nanoparticles
ZnFe2O4 and CuFe2O4 nanoparticles were prepared separately using the coprecipitation method. In a typical experiment, the required weights of zinc and iron
chloride with the ratio of Zn to Fe as 1:2 were dissolved in 100 mL distilled water to
get mixed aqueous solutions. Similarly, copper and iron chloride with the ratio of 1:2
were dissolved in 100 mL distilled water. For each sample, 50 mL aqueous solution
of 8M NaOH solution was used as the precipitating agent and was added drop wise
into each reaction vessel solution at 90°C under continuous magnetic stirring. After
90 minutes, the resultant precipitations were collected and centrifuged at 3000 rpm
and then washed with distilled water several times. The obtained ZnFe2O4 and
CuFe2O4 nanoparticles were calcined at 500°C for 2 hours. Finally, NPs suspension
(10 wt%) in deionized water for both samples was prepared. The following balanced
chemical equations describe this formation of the nanoparticles [51]:
CuCl2.6H2O + 2 FeCl3.6H2O + 8 NaOH à CuFe2O4 + 8 NaCl + 22 H2O

Eq. (1)

ZnCl2 + 2 FeCl3.6H2O + 8 NaOH à ZnFe2O4 + 8 NaCl + 16 H2O

Eq. (2)

3.3 Preparation of the sensing materials
5 g of PVA granules were dissolved in 100 ml of deionized water, and then it
was kept under continuous stirring at 90°C until a homogeneous PVA solution 5
wt% (by weight) was obtained. Then, this PVA solution was used to separately
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prepare the sensing membranes: (PVA-IL-WO3 NPs) with different WO3 NPs
concentrations by volume percent (2.5 vol%, 5 vol% and 7.5 vol% of the WO3 NPs
suspension). For each membrane, a PVA stock solution was doped with the desired
vol% of WO3 NPs suspension and a 5 vol% ionic liquid (glycerol). The doped
polymer solutions were kept under continuous stirring condition at 90°C until
transparent and homogenous solutions were obtained. Each of the resulting polymer
doped solutions was then casted onto a petri dish to form a thin membrane. The
membranes were then placed in a vacuum oven at 50°C for 12 hours, where the
excess water was evaporated slowly. Further details on the solution casting method
and its experimental details are described elsewhere [46][47][48]. Finally, uniform
polymer membranes of around 200 µm thickness were obtained, as shown in Fig. 1.

Figure 1: Sensing membranes

3.4 Characterization
The crystal structures of the nanoparticles were characterized by X-ray
diffraction (XRD) using a Shimadzu 6100 X-ray diffractometer, with a Cu-Kα
radiation (λ = 1.5406 Å). The particle size and morphology of the nanoparticles and
the sensing membranes’ surface were characterized using the scanning electron
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microscopy (SEM, JEOL, JSM- 5600) and transmission electron microscopy (TEM,
FEI, Tecnai G20). A more precise measurement of the particle size was obtained
using the Zeta-sizer (Malvern Instruments, Model ZEN360, England). The chemical
compositions of the nanoparticles were determined by energy- dispersive X-ray
spectroscopy (EDS) analysis apparatus on the same SEM. A Solartron 1260A
Impedance/Gain-Phase Analyzer was used to investigate the ac impedance of the
sensing membranes as a function of frequency (10 – 106 Hz) at 25°C. Z-60 and Zview software package was used to control measurements. Finally, the electrical
characterization and conductivity responses of the gas sensors were measured using a
Keithley Instruments source measurement unit (KI 236). Control and measurements
devices were interfaced to the computer using LABVIEW software.
3.5 Sensor fabrication and experimental setup
A (1 cm × 1 cm) square sample of each polymer membrane: (PVA-IL%WO3), (PVA-IL-5%ZnFe2O4) and (PVA-IL-5%CuFe2O4) depicted in Fig. 2, was
inserted between two electrodes to form the sensor. The bottom electrode is in the
form of a copper sheet (1.5 cm × 1.5 cm) of 0.15 µm thickness, while the top
electrode was a (0.8 cm × 0.8 cm) stainless steel grid with a grid size of (250 µm ×
250 µm). The three layers were fixed using a suitable adhesion; see Fig. 2(a). Then
the fabricated sensor was electrically connected as illustrated in Fig. 2(b). The two
electrical electrodes were fixed to the grid and copper contacts by a conductive silver
paste. The sensor was then fixed on a test stage (heating element) inside a
temperature-controlled Teflon chamber as shown in Figs. 2(c) and 2(d). H2S gas was
diluted with N2 gas inside a gas mixer and injected into the chamber with controlled
flow rates using Bronkhorst mass flow meters and controller. The test was conducted
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inside a fume hood under an atmospheric pressure and at different temperatures
20°C, 40°C, 60°C and 80°C (measured from the copper sheet’s surface). During the
test, N2 flow rate was set to 300 sccm, and the H2S gas was added with controlled
concentrations, a schematic diagram of the experimental setup is shown in Fig. 3. For
a gas-sensitivity test, a bias voltage was applied between the sensor electrodes, and
its electrical current signal was measured with reference to time at different H2S gas
concentrations.

Figure 2: (a) Schematic diagram of the sensor and (b) The electrical measurement
circuit. (c) and (d) Picture of the gas test chamber (the sensor is set inside the test
chamber)
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Figure 3: Experimental setup
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Chapter 4: Results and Discussion
The nanoparticles were first synthesized and then characterized to study their
structural and morphological characteristics. Then, the sensing materials (where the
nanoparticles are incorporated within the organic polymer membranes) were
produced and electrically characterized. Finally, the gas sensing performance and gas
sensing mechanism were investigated.
4.1 Structural and morphological characterization
Powder samples of the WO3, ZnFe2O4 and CuFe2O4 nanoparticles were
characterized by X-ray diffraction (XRD); the results are shown in Fig. 4. The
position and relative intensity of diffraction peaks of the WO3 sample were indexed
according to JCPDS card No.83-0950, and they match well with XRD fundamental
peaks of the monoclinic structure. The peaks of ZnFe2O4 and CuFe2O4 samples
match well with XRD fundamental peaks of cubic spinel-structure, according to
JCPDS card No. 22-1012 and JCPDS card No. 01-077-0010, respectively.
The chemical contents of the samples were investigated by the (EDS)
spectrum of the produced nanoparticles, as shown in Fig. 5. From the EDS spectra, it
can be confirmed the presence of W and O in the synthesized sample of WO3
nanoparticles (Fig. 5(a)). The EDS results also confirm the presence of both Zn and
Fe elements in the ZnFe2O4 sample (Fig. 5(b)), as well as Cu and Fe in the CuFe2O4
sample (Fig. 5(c)). It should be noted the presence of Carbon (C), and this is true due
to the use of carbon tape on the sample stub.
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Figure 4: XRD characterization of (a) WO3 NPs (a), (b) ZnFe2O4 NPs , and (c)
CuFe2O4 NPs
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Figure 5: EDS spectra of (a) WO3 NPs, (b) ZnFe2O4 NPs , and (c) CuFe2O4 NPs
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Next, the morphologies of the nanoparticles were characterized by the SEM
imaging as shown in Fig. 6, which shows agglomerates of these nanoparticles.

Figure 6: SEM images of (a) WO3 NPs, (b) ZnFe2O4 NPs , and (c) CuFe2O4 NPs
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A representative SEM image of the sensing membrane’s surface was taken for
(PVA-IL-7.5%WO3) membrane, see Fig. 7. The image reveals a uniform distribution
of the nanoparticles inside the membrane.

Figure 7: SEM image of the (PVA-IL-7.5%WO3) membrane

More precise measurement of the WO3 nanoparticles size was determined using the
Zeta-sizer. Figure 8 shows that the average particle size was 13.1 ± 3.8 nm.
Moreover, the nanoparticle size of ZnFe2O4 and CuFe2O4 samples were estimated
using their TEM images. The images demonstrate that the nanoparticles are uniform
in size. The estimated sizes in each sample were 5 ± 1.4 nm and 7 ± 2.1 nm for
ZnFe2O4 NPs (Fig. 9(a)), and CuFe2O4 NPs (Fig. 9(b)), respectively.
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Figure 8: Size distribution of the WO3 NPs measured using the Zeta sizer

Figure 9: TEM images of (a) ZnFe2O4 NPs, (b) CuFe2O4 NPs
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4.2 Electrical properties
4.2.1 Impedance model of the sensing membranes
The AC impedance measurement of the sensing membrane provides a
quantitative measure of the resistive and capacitive impedance as given by the
following equation:
Z(ω) = Z’(ω)- j Z” (ω)

Eq. (3)

where, Z’(ω) and Z’’(ω) are the real and imaginary parts of the impendence,
respectively. A small piece of each sensing membrane was placed between two
stainless-steel electrodes, the top electrode’s area is 9.61 10-6 m2 while the area of the
bottom electrode is large enough to facilitate electrode alignment. Then, the AC
impedance measurement was taken as a function of the frequency range from 10 to
106 Hz. Figure 10 shows the AC impedance spectrum (Nyquist plots) of the sensing
membranes (PVA-IL-5%WO3), (PVA-IL-5%ZnFe2O4) and (PVA-IL-5%CuFe2O4),
measured at 25°C, where frequency is an implicit function. The two semicircles
shown in the figures denoting that the membranes can be represented by two parallel
RC circuits connected in series as shown in Fig. 11. The smaller semicircle (as
pointed by an arrow) occurs at higher frequencies. It can be related to the resistive
and capacitive components (Rm and Cm) of the membrane, and can be assigned to the
charge transfer process (kinetic process) that occurs at high frequencies [47]. The
larger semicircle which occurs at low frequencies corresponds to the interfacial
charge transfer resistance and double layer capacitance (Rct and Cdl), due to the
contribution of mass migration process (diffusion) [47]. Table 1 provides the
estimated values of Rm, Cm, Rct and Cdl.
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Figure 10: AC impedance spectrum (Nyquist plots) measured at 25°C for: (a) (PVAIL-5%WO3 NPs), (b) (PVA-IL-5%ZnFe2O4 NPs) and (c) (PVA-IL-5%CuFe2O4 NPs)
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Figure 11: RC model of the sensing membranes

Table 1: AC impedance results for the sensing membranes
Sensing material

R m (Ω )

Cm (F)

Rct(Ω)

Cdl (F)

PVA-IL-5%WO3

2.31 E+04

1.42 E-11

3.60 E+06

1.09 E-07

PVA-IL-ZnFe2O4

1.73 E+05

1.25 E-11

1.05 E+07

2.97 E-09

PVA-IL-CuFe2O4

7.57 E+04

1.23 E-11

1.59 E+06

3.25 E-09

4.2.2 I-V measurements
The operating temperature has a significant effect on the gas sensing
performance of the sensor. Therefore, the electrical conductance of each sensor was
measured at different operating temperatures. Figure 12 shows the current-voltage (IV) characteristics of the sensors obtained at (20°C, 40°C, 60°C and 80°C) just before
performing the sensitivity tests. Typical I-V curves were obtained for the three
sensing membranes as shown in Fig. 12. The representative I-V curves of the (PVA-
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IL-5%WO3) sample (Fig. 12(a)) are approximately linear, while a small nonlinearity
is observed in I-V curves of (PVA-IL-5%ZnFe2O4) sample (Fig. 12(b)), and (PVAIL-5%CuFe2O4) sample (Fig. 12(c)). Such I-V characteristics with small nonlinearity
indicate low barrier between the contact and polymer membrane, which ensure easy
transport of charge carriers to contact upon exposure with H2S gas [52].
Based on these I-V curves, a constant voltage of 1 V was applied to the
(PVA-IL-WO3) sensor’s electrodes for gas sensitivity tests, and 2 V was used for
(PVA-IL-5%ZnFe2O4) and (PVA-IL-5%CuFe2O4). Thus, the electrical response
currents were measured as a function of time and gas concentration.
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Figure 12: I-V curves as a function of temperature of the sensing membranes: (a)
(PVA-IL-5%WO3 NPs), (b) (PVA-IL-5%ZnFe2O4 NPs) and (c) (PVA-IL5%CuFe2O4 NPs)
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Figure 13 shows the plots of the natural logarithm of each sensor’s resistance
versus the inverse of the temperature. Negative temperature coefficients of the
resistances were revealed from these plots, where the resistance decreases as the
temperature increases. Such decrease of the resistance with the temperature has been
observed previously for different systems, and could be assigned to charge transport
between metallic islands that is dominated by thermally assisted tunneling
[53][54][55].
The activation energy (Ea) of the three sensing materials were determined
based on these results and using the Arrhenius equation [56]:
"#$

R = Ro ! %&'

Eq. (4)

where, Ro is a constant, KB is Boltzmann constant, and T is temperature. The
activation energy values were determined to be 0.545 eV, 0.42 eV and 0.58 eV for
(PVA-IL-5%WO3 NPs), (PVA-IL-5%ZnFe2O4 NPs) and (PVA-IL-5%CuFe2O4 NPs)
membranes, respectively.
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Figure 13: The dependence of the natural logarithm of the resistance on the inverse
of temperature for: (a) (PVA-IL-5%WO3 NPs), (b) (PVA-IL-5%ZnFe2O4 NPs) and
(c) (PVA-IL-5%CuFe2O4 NPs)
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4.3 Gas sensing properties
Figure 14 shows representative responses of the sensors as functions of time
and H2S gas concentrations, measured at 80°C. The results reveal that the resistance
changes in response to H2S gas for all the three sensors, translated as a change in the
measured current at a constant voltage. In addition, the response magnitudes are
directly proportional to the gas concentration, in other words, the amount of change
in the measured current increases as the gas concentration increases. Moreover, the
results clearly show that the resistance almost recovers its initial value when the flow
of H2S gas is stopped, which indicates the reversibility of these sensors.
Small noise fluctuations were observed in the responses; for example, in the
(PVA-IL-WO3) sensor’s response (Fig. 14(a)), noise fluctuation was around 0.4 µA.
Nevertheless, the sensing response is the variation in the electrical current signal (i.e.
measured from the maxima or the minima of noise-signal). This variation in
electrical current is dependent on H2S concentration, where it changes in the figure
from 0.15 µA (at 10 ppm) to 1.64 µA (at 300 ppm). Moreover, the variations of noise
signals during response measurements were investigated for a number of cycles
measured using a voltage of 1 V for the (PVA-IL-5%WO3), and 2 V for both (PVAIL- ZnFe2O4) and (PVA-IL- CuFe2O4) at blank sample N2 gas (300 sccm) at 80°C, as
shown in Fig. 15. The figure reveals limited variations in the noise with average
values of 1.0 × 10-6 A, 1.30 × 10-6 A and 1.62 × 10-6 A for the representative sensors:
(PVA-IL-5%WO3) Fig. 15(a), (PVA-IL-5%ZnFe2O4) Fig. 15(b) and (PVA-IL5%CuFe2O4) Fig. 15(c), respectively. These results indicate that the present sensors

exhibit reasonable performance as they show low noise signal.
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Figure 14: Representative current responses of the sensors as function of the time and
H2S concentrations, measured at 80°C, for: (a) (PVA-IL-5%WO3 NPs), (b) (PVA-IL5%ZnFe2O4 NPs) and (c)(PVA-IL-5%CuFe2O4 NPs)
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Figure 15: The variation of noise signals as a function of measurement cycle at blank
sample N2 gas (300 sccm) at 80°C for: (a) (PVA-IL-5%WO3), (b) (PVA-IL5%ZnFe2O4) and (c) (PVA-IL-5%CuFe2O4)
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The gas-sensing response (S%) is defined according to the following
equation:
()*(+

S (%) = (

(+

) X 100

Eq. (5)

where, Ig and Io are the electrical current of the sensor in presence of the target gas
and nitrogen gas only (reference current), respectively. Figure 16 shows the
responses of (PVA-IL-WO3 NPs) with WO3 NPs concentrations of 2.5%, 5% and 7.5%
as functions of temperature and H2S gas concentrations. These results reveal that the
response increases with the increase in temperature and H2S gas concentration, and
the highest responses were obtained at 80°C. It is very interesting to notice a
reasonable response at low temperature of 20°C for all the three sensors, as depicted
in Fig. 16. When WO3 NPs concentration increases from 2.5% to 5%, the response
increases, while no further increase happens when the concentration increases to
7.5% (especially at 80°C). All the sensors showed good sensitivity to H2S gas; thus,
any of them can be used for sensitive detection to H2S. However, at 80°C, the 5%
sensor showed the highest response and its best linearity of response. In terms of
linearity of response, only the 7.5% sensor showed linear responses at all different
temperatures, while the 5% sensor has its best linearity at 80°C. These tests also
showed that the lowest detection limit was 10 ppm starting from 60°C. The low
operating temperature indicates the low-power consumption of the sensor. These
sensors exhibit excellent sensing properties compared to the previously reported
sensors (based on WO3 nanostructures) at similar temperatures for H2S gas sensors
[57][58].
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Figure 16: Sensor’s response for H2S gas at different temperatures for WO3 based
sensors: (a) (PVA-IL-2.5%WO3 NPs), (b) (PVA-IL-5%WO3 NPs) and (c) (PVA-IL7.5%WO3 NPs)
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Figure 17 shows the response (S%) of (PVA-IL-5%ZnFe2O4) and (PVA-IL5%CuFe2O4) sensors as a function temperature and H2S concentration. The results

reveal that ZnFe2O4 NPs based sensor has higher response than the CuFe2O4 NPs
based sensor, at all different operating temperatures and H2S concentrations. Both
sensors showed reasonable response at low temperatures, as low as 40°C, and at low
H2S concentrations of 10 ppm for ZnFe2O4 based sensor (Fig. 17(a)), and 25 ppm for
CuFe2O4 based sensor (Fig. 17(b)). For example, at 300 ppm and 80°C, the response
of ZnFe2O4 NPs based sensor is 64.4% while 39.1% for CuFe2O4 NPs based sensor.
This difference can be assigned to response saturation of CuFe2O4 NPs sensor with
increasing the H2S concentrations and temperature. The reason behind this saturation
can be assigned to that the chemical affinity between copper and sulfur is higher than
the affinity between zinc and sulfur [59]. This can be further rationalized by
considering the solubility product constant (KSP) which is higher for CuS (1 x 10-36)
compared to ZnS (1 x 10-23) [59], although this constant is for the solubility of a salt
in water solution. As a result, H2S is adsorbed more strongly onto CuFe2O4 NPs than
ZnFe2O4 NPs leading to an increase in the poisoning rate of H2S on CuFe2O4 NPs
sensor as H2S gas concentration increases, which causes fast response saturation.
Therefore, it can be said that, the response increases with temperature and gas
concentration for ZnFe2O4 based sensor, while it saturates at 60°C and 200 ppm for
CuFe2O4 based sensor.
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Figure 17: Sensor’s response for H2S gas at different temperatures for: (a) (PVA-IL5%ZnFe2O4) and (b) (PVA-IL-5%CuFe2O4)
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The reduction in operating temperature is a reduction in the power consumed
by the heater, therefore, it was found that reducing the operating temperature from
200°C to 80°C saves approximately 89% of power consumed by the heater used in
this work. The power reduction was calculated as follows:
P reduction = ([P200°C - P80°C]/ P200°C) x 100

Eq. (6)

where P200°C and P80°C are the power consumed by the heater to heat it up to 200°C
and 80°C, respectively. P200°C was 33.75 W and P80°C = 3.75 W.
The sensor’s response time is known as the time taken by the sensor to reach
90% of its maximum response. Figure 18 shows the average response times of the
(PVA-IL-WO3) based sensors. Each point in the figure is the average response times
at different H2S concentrations (for a particular WO3 NPs concentration). The error
bars are taken as one standard deviation. The figure shows decrease in the response
time when nanoparticles concentration increases from 2.5% to 5%. The minimum
response time is 19.1 ± 3.4 s at concentration of 5%, which is very close to the
response time of the 7.5% sensor (within the error bars). These response times are
considered short when compared with the previously reported response times in the
literature [58][60][61]. While, the average response times for ZnFe2O4 based sensor
and CuFe2O4 based sensor are 20.1 ± 6.2 s and 21.9 ± 4.3 s, respectively. These
response times are considered short response times compared with other reported
H2S sensors [62][63][64].
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Figure 18: Response time as a function of WO3 NPs concentration for (PVA-ILWO3 NPs) sensors measured at 80°C

The (PVA-IL-WO3) sensors were further investigated for their reproducibility
and stability. Figure 19(a) shows a representative response of the reproducibility test
of the (PVA-IL-5%WO3) sensor, where 300 ppm H2S gas was injected and released
successively for five cycles at 80°C. The figure reveals almost no apparent change in
the response over the 5 cycles. These tests were consistent for all measured samples.
It should be noted here that the reference electrical currents in Figs. 14(a) and 19(a)
are different since they belong to different samples. Nevertheless, the difference in
the base current has no effect on sensor performance since what matter is the
difference in the electrical current (see Eq. 5). Figure 19(b) shows error bars of the
(PVA-IL-5%WO3) sensor’s response when exposed to 300 ppm H2S at 80°C for five
cycles successively. The largest standard deviation was lower than 3%, which
indicates an excellent reproducibility of the sensor.
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Figure 20 shows the response signal of the (PVA-IL-5%CuFe2O4 ) sensor for
300 ppm H2S gas diluted with air (99.999%) at 80°C. The figure reveals that the
response curve is similar to that for H2S diluted with N2 gas, and the response is
stable as well as reproducible.

Figure 19: Reproducibility analysis of (PVA-IL- 5%WO3 NPs) sensor by
successively exposing it to 300 ppm of H2S gas at 80°C: (a) Reproducibility results
and (b) Error bars of the sensor’s response when exposed to 300 ppm H2S at 80°C
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Figure 20: Response signal of the (PVA-IL-5%CuFe2O4 ) sensor for 300 ppm H2S
gas diluted with air (99.999%) at 80°C
The long-term stability of (PVA-IL-5%WO3 NPs), (PVA-IL-5%ZnFe2O4
NPs) and (PVA-IL-5%CuFe2O4 NPs) sensors was investigated, where the response
of each sensor was tested continuously over (20-25) days at 300 ppm H2S gas and
80°C, as shown in Fig. 21. The highest deviation of the responses was less than 5%,
indicating an excellent long-term stability of these sensors.
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Figure 21: Long-term stability of the sensing membranes: (a) (PVA-IL- 5%WO3
NPs), (b) (PVA-IL-5%ZnFe2O4 NPs) and (c) (PVA-IL-5%CuFe2O4 NPs) to 300
ppm H2S gas at 80°C
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The selectivity of the sensor to H2S gas was also investigated. Figure 22
shows the response signals of the representative (PVA-IL-5%WO3), (PVA-IL5%ZnFe2O4) and (PVA-IL-5%CuFe2O4) sensors against H2S (300 ppm), C2H4
(50000 ppm) and H2 (50000 ppm) gases, measured at 80°C. The figure reveals
weaker responses of the sensors towards H2 and C2H4 gases compared to H2S gas.
Furthermore, the sensors did not show any response to C2H4 and H2 gases when
measured at temperatures below 80°C, and at concentrations equal or less than 50000
ppm. Therefore, the sensors have relatively high selectivity to H2S gas, which make
them promising for practical industrial applications.

Figure 22: Selectivity histogram of the sensors when exposed to H2S, C2H4 and H2
gases, measured at 80°C
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The dependence of the sensor response on relative humidity inside the test
chamber at 80 °C and 300 ppm for ZnFe2O4 based sensor is shown in Fig. 23. The
figure reveals reasonable drop in the response when the relative humidity increases
to 50%. Nevertheless, dramatic decrease in the response is observed for higher
humidity. The humidity dependency results from the presence of PVA layer that is
likely to absorb H2O [10]. All the sensors were fabricated using this polymer matrix,
as a result, they are best operational at low values of humidity.

Figure 23: Dependence of the sensors’ response on relative humidity inside the test
chamber at 80°C and 300 ppm for ZnFe2O4 based sensor
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4.4 Gas sensing mechanism
The change in the electrical conductivity of metal oxides-based
semiconductors governs their gas-sensing performance. The exact fundamental gas
sensing mechanisms are still controversial. A common hypothesis suggests that
trapping of electrons at adsorbed molecules result in band bending which is mainly
responsible for conductivity change of the sensing material once it is exposed to the
gas [62]. Understanding the sensing mechanism for WO3, ZnFe2O4 and CuFe2O4
nanoparticles based sensors should consider: (i) the high surface area of the WO3
nanoparticles which result in more reactive sites, and (ii) the adsorbed oxygen
species (O2-, O2- and O-) onto the nanoparticle surface. When the sensor is exposed to
H2S gas, the following reactions take place on the surface [61][66][67]:
H2S +3 O- (ads) à H2O+SO2 +3e-

Eq. (6)

H2S +3 O2- (ads) à H2O+SO2 +6e8

Eq. (7)

According to the above equations, when the adsorbed oxygen interacts with H2S gas,
electrons are released and cause the increase in the conductivity (decrease in
resistance) [35]. When the flow of H2S is stopped, the number of free electrons is
reduced which decreases the conductivity of the sensor causing a reversible sensing
behavior.
It should be mentioned that the presence of glycerol in the matrix of the
sensor material described herewith facilitates the conductivity throughout the
mechanism described above [48]. The proposed sensors assembly, therefore,
provides an enhanced pathway towards the sensing of H2S gas by virtue of the high
surface area of nanoparticles and glycerol as an ionic liquid, while the use of a nonexpensive PVA provides a convenient matrix to accommodate these ingredients.
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4.5 A comparison on gas-sensing performance with literature-reported sensors
Table 2 shows a comparison of the gas sensing-performance between our
proposed sensors and several H2S sensors based on oxides materials and conductive
polymers that have been reported in the literature. These sensors share the same
sensing principle (conductivity impedance), thus, the signal conditioning circuitry of
such sensors is relatively simple, which means low-cost and simple production.
Therefore, the most important criteria to evaluate and compare the performance of
these sensors are: operating temperature, response time, detection limit, response,
selectivity, and flexibility. Among these sensors, our sensors show a relatively
excellent performance; as they operate at low temperatures with a relatively fast
response and they are flexible. The sensors with lower detection-limits than our
sensors suffer from either high operating temperatures or long response times.
Fortunately, our sensors have successfully met our expectations and goals of
enhancing H2S sensors by producing sensitive and selective sensors with lower
operating temperatures, lower power consumption, more flexible, and faster
response.
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Table 2: Comparison of the gas sensing-performance of several conductivity
impedance-based H2S gas sensors
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Chapter 5: Conclusion and Future Work
5.1 Conclusion
The aim of this thesis work was basically to develop H2S gas sensors with
enhanced flexibility, lower operating temperature and high sensitivity and selectivity,
in order to meet the compelling demand for a higher performance and lower power
consumption. Therefore, sensors were fabricated based on organic-inorganic nanocomposites.
The sensors were prepared by incorporating WO3, ZnFe2O4 and CuFe2O4
nanoparticles separately in PVA-IL solutions. The casted doped-solutions form
membranes which were tested, and their electrical and gas-sensing properties were
investigated.
The results of this study showed that the proposed sensors possess very good
sensing properties. The best response of all the sensors to H2S gas was obtained at
80°C, yet a reasonable response was noticed at a low operating temperature of 20°C40°C. This reduction in operating temperature saves 89% of the power consumed by
the heater to heat up the sensor. The detection limit of the sensors was 10 ppm for
WO3 and ZnFe2O4 based sensors, while 25 ppm for CuFe2O4 based sensor. The
results showed a reasonable average response time of 19-22 s, which was in good
agreement with previously reported work in the field of H2S gas sensing applications.
Moreover, the sensors exhibited excellent reproducibility and stability, and were
identified to be selective to H2S gas. In addition to the aforementioned qualities, the
sensors were characterized by their ease of fabrication, flexibility and low-power
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consumption, thus, these sensors have the potential to be utilized for monitoring and
control applications of H2S.
5.2 Future Work
This work is a part of a research project, and the effect of humidity is well
considered, therefore, new materials are to be developed in order to overcome the
humidity-dependency of the current sensors. In addition, further enhancement is
needed to reduce the threshold detection limit of the sensor down to sub-ppm gas
concentrations, and this could be achieved by studying and investigating different
surface-morphologies of the sensing materials.
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Appendix
Table 3: H2S concentrations and their corresponding symptoms/effects
Concentration
(ppm)
0.00011-0.00033

Shrieen
2017.02.02
10:17:55
+04'00'

Symptoms/Effects

Typical background concentrations

0.01-1.5

Odor threshold (when rotten egg smell is first noticeable
to some). Odor becomes more offensive at 3-5 ppm.
Above 30 ppm, odor described as sweet or sickeningly
sweet.

2-5

Prolonged exposure may cause nausea, tearing of the
eyes, headaches or loss of sleep. Airway problems
(bronchial constriction) in some asthma patients.

20

Possible fatigue, loss of appetite, headache, irritability,
poor memory, dizziness.

50-100

Slight conjunctivitis ("gas eye") and respiratory tract
irritation after 1 hour. May cause digestive upset and loss
of appetite.

100

Coughing, eye irritation, loss of smell after 2-15 minutes
(olfactory fatigue). Altered breathing, drowsiness after
15-30 minutes. Throat irritation after 1 hour. Gradual
increase in severity of symptoms over several hours.
Death may occur after 48 hours.

100-150

Loss of smell (olfactory fatigue or paralysis).

200-300

Marked conjunctivitis and respiratory tract irritation after
1 hour. Pulmonary edema may occur from prolonged
exposure.

500-700

Staggering, collapse in 5 minutes. Serious damage to the
eyes in 30 minutes. Death after 30-60 minutes.

700-1000

Rapid unconsciousness, "knockdown" or immediate
collapse within 1 to 2 breaths, breathing stops, death
within minutes.

1000-2000

Nearly instant death

